Man-made chemicals affect our health and environment through the air, water and soil. Hence seeking suitable, safer alternative chemicals and particularly fuels to replace conventional ones is an ongoing objective. There are several candidates for alternative fuels that can be derived from noncrude oil resources. These include natural gas, liquid petroleum gas (LPG), propane, methanol, ethanol, and hydrogen. Table I characterises various current and alternative fuels (1(a)).
Ethanol as a Source of Hydrogen
Ethanol is an interesting alternative for replacing gasoline as a motor fuel. Ethanol production from sugar-or starch-containing crops is an industrially well-established technique that has been used for many years. Ethanol could indirectly reduce net carbon dioxide emissions from vehicles when used as a 95% blend with gasoline for lightduty vehicles. This is due to the consumption of carbon dioxide by crops used as feedstock for the production of ethanol fuel. Sulfur oxide emissions would also be lowered (by 60 to 80%). Volatile organic compound emissions would be 13 to 15% lower than those of reformulated gasoline (1 (b) ). Although ethanol is considered to be an attractive replacement fuel, with quite low emissions of complex hydrocarbons, its partial oxidation to acetaldehyde (a potential carcinogen) poses a threat. Hence, the problem of effectively controlling the emissions caused by ethanol oxidation along with the desired conversion requires better understanding.
There are four basic methods for hydrogen production: water electrolysis, a gasification reaction using coal or coke as the feedstock, a partial oxidation reaction using heavy or residual oil as the feedstock, and steam reforming using various
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kinds of hydrocarbons as the feedstock. Currently steam reforming is the most important process for hydrogen manufacture; steam reforming of natural gas accounts for almost 50% of the world feedstock for hydrogen (1(c)): Much work has been devoted to producing H2 from ethanol, either by steam reforming or partial oxidation. Fundamental studies of ethanol reactions on metals and oxides, examining the relationships between surface properties (structure, surface defects, etc.) and the reaction yields, have helped to further our understanding of the various processes.
Ethanol Reactions on Surfaces
The ethanol molecule contains two carbon atoms. It can be split at several bonds, see Scheme I. Depending on the type of interaction with the surface of a solid material, the nature of the solid, and the diverse reaction conditions, one may be able to orient the reaction into desired product(s).
The different reactions occurring with ethanol on metal and metal oxide surfaces so far observed are summarised in Scheme II. The reaction can be shifted from CO to CO2 and from H2 to H2O, depending on the ethanol:oxygen ratio. Thus, the balance is not simple and the role of the catalyst is crucial. As the main objective is to find ways to obtain H2 and CO2, the catalyst must be active for the water gas shift reaction and for the direct oxidation of CO to CO2, Equation (xiii) and The desired catalyst should not be poisoned by CO at the reaction temperature, should allow for a fast O transfer (from the bulk to surface), should allow for fast rejuvenation of the surface oxygen Scheme I Approximate bond energies for ethanol (2) Fig. 1 Schematic of two activated processes: CO oxidation to CO2 and H2 oxidation to H2O. The catalyst chosen would depend on the process temperature. Here, H2 oxidation has low activation energy while CO to CO2 has high activation energy. In these conditions increasing the reaction temperature would favour CO to CO2 and not H2O formation
on most oxide surfaces and some metals, such as Pd (3), Ni (4), and Rh (5)
on large numbers of oxides (6) and some metals (3)
on some oxides, usually acidic (7) or in sub-stoichiometric form (8, 9) CH3CH2O(a) ® CH2CH2O(a) + H(a) (vi(c)) on Rh (10, 11)
mainly on basic oxides, such as CeO2 (12) and ZnO (13)
DH r (acetic acid(g) to acetone, CO2 and water) = 13 kJ mol 1 ; on stoichiometric oxides such as
TiO2 (14), CeO2 (12) and Fe2O3 (15) CH3CHO(g) ® CH4(g) + CO(g) (ix) DH r = 18.7 kJ mol 1 ; mainly on metals (16)
DH r = 10.3 kJ mol 1 ; on stoichiometric oxides such as TiO2 (14), CeO2 (17), and MgO (18) 2CH3CHO(g) + 2V o ® CH3CH=CHCH3(g) + 2O(a) (xi) DH r (acetaldehyde to trans-butene and O2) = 321 kJ mol 1 ; V o is oxygen vacancy;
on TiO2 x (14) and UO2 (19) 3CH3CHO(g) ® C6H6(g) + 3H2O(g) (xii) DH r = 144.2 kJ mol 1 ; on Pt/CeO2 (20) and
The elementary steps of Reaction (xiii) can be written as follows (xiii(a)xiii(d):
Methane reforming (xiii(c)) and CO oxidation (xiii(d)) may also be interchanged with methane oxidation (xiii(c' )) and the water gas-shift reaction (xiii(d' )):
Scheme II Summary of reactions occurring with ethanol on the surfaces of metals and metal oxides (a) = adsorbed; (g) = gas phase; adsorption and desorption reactions are omitted for simplicity defects (Mars van Krevelen mechanism (22)) and should contain metals that are capable of oxidation/reduction cycles with minimum deactivation.
Catalysis by noble metals is usually achieved via the high dispersion of low loading metal(s) (less than one atomic per cent) on an appropriate support. The supports are usually of relatively inexpensive oxide, such as alumina, silica or titania.
Indeed, automobile catalytic converters have now been used for almost three decades and are formed of highly dispersed metals on ceria (CeO2). Ceria has the fluorite structure (a relatively open structure allowing for a facile oxygen diffusion). It is an ionic oxide of basic character and can be made with high surface area and of nano-dimension particulates. These catalysts (or a variant of them), as will be shown here, can be used for hydrogen production.
The interaction of a polar molecule such as ethanol with the CeO2 surface would be favoured through the dipole-dipole type as shown in Scheme III. This type of interaction is more known as an acid-base interaction, where the H atom of the acid (in this case ethanol) interacts with one surface O 2 (the base). Simultaneously, the Ce 4+ site (acting as Lewis acid) interacts with the O (2p) orbitals of the oxygen of the adsorbed ethanol molecule. As a result, ethoxide and surface hydroxyl species are formed. Figure 2 shows IR spectra following adsorption of ethanol on the CeO2 and M/CeO2 (M = Rh, Pt and Pd) (20, 23, 24) . The formation of ethoxides can be seen (two modes of these species are most likely present on CeO2: monodentate at 1107 cm 1 , and bidentate at 1057 cm 1 ). CeO2 is made by precipitation from Ce(NO3)3.6H2O solution by addition of ammonia with stirring at 373 K (pH = 88.5). After filtration, washing and drying (at 373 K) calcination was conducted at 773 K for 4 hours under airflow. Metals were deposited on CeO2 by impregnation from their salts (RhCl3.3H2O, PtCl4, PdCl2 and HAuCl4) as detailed in (24) and (29) .
Three main differences occur in the presence of Pt, Pd or Rh metals (the as prepared metals are actually in oxide form (see (20, 22, 23, 28) for more details on catalyst characterisation):
[1] The two bands (at 1107 and 1057 cm 1 ) associated to two modes of adsorption for ethoxides have shifted to lower wavenumbers and in addition the first band has become far more pronounced. This is not only due to reduction of CeO2 because of the presence of the metal (see below) but might also occur due to a direct interaction with the metal particles, see Figure 3 .
[2] Acetate species are not observed; as shown below this is due to a partial reduction of the CeO2 surface.
[3] Bands due to adsorbed acetaldehyde species in h 1 (O) configuration are seen. Adsorption of ethanol on H2-reduced CeO2 has also been studied and Figure 10 in (23) shows the absence of acetate species due to depletion of surface oxygen.
Extent of CeO2 Reduction Due to Presence of Noble Metal and CO2/CO Values
The extent of the reduction of CeO2 is not constant. It depends on the amount of metal present and also on its nature. One can obtain information from XPS analyses of the O(1s) to Ce(3d) ratios of the as prepared metal containing catalysts. A complementary way of seeing the effect of the reduction is to analyse the CO2 : CO ratio during ethanol temperature programmed desorption (TPD). This is because any CO2 formed during the ethanol decomposition would contain one oxygen atom from the lattice. Figure 4 shows a plot of CO2/CO as a function of the extent of reduction due to the presence of the metal(s). The extent of the reduction is defined as: DO/at.% M; where DO = 2 x; 2 is taken because the ratio O to Ce is ideally = 2 (although usually slightly more than 2 on the surface), see Table II for more details. Thus, it is a gauge of any deviation from stoichiometry normalised to the amount of metal. In all metals x is positive (decreasing DO) with the exception of Au. There are two main features that can be seen in Figure 4 : · First, there is a linear relationship between CO2/CO and the extent of reduction of CeO2 for a series containing Rh, Pt, and Pd, as well as for PtPd and Pt-Rh. · Second, there is a deviation by Au-containing catalysts from this linearity. Thus, based on these stoichiometric reaction results, if one wants to decompose ethanol into CO2 with high selectivity Au is a far better choice.
CO Adsorption at 90 K, a Molecular Probe
CO adsorption at low temperatures has often been used as a way of characterising specific adsorption sites on metals and metal oxides. It is important to emphasise that the metals being discussed here, are actually in an oxidised form as indicated before. Figure 5 shows the irreversible adsorption of CO at 90 K on CeO2 alone and Rh(3d5/2) = 309.5 RhO2 Au/CeO2
Au(4f7/2) = 85.6 Au2O3
Pt-Pd/CeO2 Pd(3d5/2) = 337.5; Pt(4f7/2) = 73.0
Au-Rh/CeO2 Rh(3d5/2) = 308.7; Au(4f7/2) = 85.5
Pt-Rh/CeO2 Rh(3d5/2) = 309.5; Pt(4f7/2) = 73.0 when impregnated with metals, and the following points should be noted:
[a] The presence of both Ce 4+ and Ce 3+ on the surface of CeO2 are clearly seen by CO adsorption as the probe. CO is adsorbed via an electrostatic interaction that disappears by 150 K. [b] In the presence of Rh ions, bands characteristic of linear CO are seen (note the relative stability of these bands compared to those of CO on CeO2 alone).
[c] The presence of both Rh and Au ions together appear masking the CO electrostatic adsorption on Ce 4+ ions.
Oxidation/Reduction Reactions
In a system where oxidation reactions occur (such as ethanol to CO2) the state of the metal may oscillate between oxidation and reduction. It is thus worth studying the effect of prior reduction of the metal on the outcome of the ethanol Acetaldehyde made by dehydrogenation (in the presence as well as the absence of oxygen) of ethanol has been seen by IR spectroscopy (as an adsorbed species), during TPD and in steady state catalytic conditions. The main point is that prior reduction shifts the Rh/CeO2 catalysts from CH3CHO directly to CO formation (23) .
In the absence of a good hydrogenating catalyst most of the CO desorbs. The addition of a second metal (Pt or Pd) is dramatic. Figure 6 shows the selectivity shifts from acetaldehyde, on the unreduced bimetallic Rh-containing catalysts, to methane on the reduced catalysts. In the absence of Rh, acetaldehyde is only marginally affected by the reduction process. This can be interpreted as follows: Rh is an efficient catalyst for carbon-carbon bond dissociation and this is shown by the presence of adsorbed CO, even at low temperature, upon dosing the rhodium surface with ethanol. In the presence of a good hydrogenation catalyst (such as Pd) and upon heating CO is converted to methane.
Comparing TPD to Catalytic Reactions
Good similarity between TPD and catalytic reactions can be seen in Figure 7 . The turnover number (TON) determined from the rate of ethanol reaction in steady state catalytic reactions tracks the desorption temperature of acetaldehyde (during ethanol-TPD) for Rh/CeO2, Pd/CeO2 and Pt/CeO2.
Acetaldehyde is weakly adsorbed on the surface and its desorption is reaction limited (as soon as 
Hydrogen Production
From the above studies it appears that bimetallic catalysts containing Rh are better suited for ethanol decomposition. We have conducted detailed studies of Pt-Rh/CeO2 and Rh-Au/CeO2 by IR spectroscopy and TPD and in steady state reaction conditions. Both catalysts are very active for ethanol decomposition. Table III (A to C) summarises most of the steady state reaction data. The reactions ethanol undergoes first proceed via a dehydrogenation of ethanol to acetaldehyde. The faster acetaldehyde is decomposed, the more efficient is the total decomposition (as in a typical consecutive reaction). The addition of Rh dramatically destabilises acetaldehyde and this is probably due not only to further conversion of acetaldehyde to CO and CH4 but also to a specific direct interaction between Rh and ethoxide species (as an oxametallacycle) (10, 11) . The decomposition of the latter would also give CO and CH4. Most CO is oxidised to CO2 at low temperatures. Acetone results as a secondary reaction of acetaldehyde (via acetate species), which explains its disappearance in the presence of Rh. At low temperatures Au/CeO2 showed the lowest CO to CO2 ratios but the effect of Au seems to disappear at higher temperatures. Figure 8 shows H2 production as a function of reaction temperature in steady state conditions. Although Rh-Au/CeO2 and PtRh/CeO2 are of comparable activity towards H2 formation at low temperatures, the latter catalyst is far better above 700 K. Scheme IV has been constructed from spectroscopic and kinetic data. The addition of Rh metal largely suppressing the dehydrogenation route is most likely due to the formation of a bicoordinated species (via the O and the C ends: oxametallacycle). This five-member oxametallacycle species has not been seen on these catalysts but has been computed (and proposed) by other workers as the most probable species resulting from iodo-ethanol and ethylene oxide molecules on Ag and Rh surfaces (10, 24, 25, 26) . Further decomposition of this species will yield CO and CH4 and/or CH x depending on the nature of the metal. The high temperature production of H2 is most likely associated with the oxidative dehydrogenation as well as reforming of CH4 and CO. There is a great deal still to be learned in this generalised reaction scheme and particularly the role of these metals both in reforming and in the water gas shift reaction (see for example (2736)).
Conclusions
The complexity of the ethanol reactions on the surfaces of noble metals/cerium oxide catalysts is outlined. Hydrogen production from ethanol is directly related to two main steps. The first involves breaking the carbon-carbon bond, and Rh appears the most suitable compound for this reaction at reasonable operating temperatures. The second involves CO oxidation to CO2. While finely dispersed Au is a very active catalyst for CO oxidation during TPD, the high temperature requirement for good hydrogen yield in steady state conditions may favour other metals, such as Pt. 
